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ABSTRACT

Calculations of the steady-state photoelectron energy and angular
distribution in the altitude region between 120 and 1000 km are presented.
The'distribution is found to be isotropic at all altitudes below 250 km,
while above this altitude anisotropies in both pitch angle and energy are
found, The isotropy found in the éngu]ar distribution below 250 km‘imblies
that photoelectron transport below 250 km is insignificant, while the
angular anisotropy found above this altitude implies a net photoelectron
current in the upward direction. The energy anisotropy above 500 km arises
from the selective backscattering of the Tow energy photoelectron popula-

tion of the upward flux component by Coulomb éo]lisionsrwith the ambient
| ions. The total pﬁotoelectron flux attains its maximum value between'about
40 and 70 km above the altitude at which the photoelectron production rate
is maximum. The displacement of the maximum of the equilibrium flux is-
attributed to an increasing (with altitude) photoelectron Tifetime. Photo--
electrons at altitudes above that where the flux is maximum are on the

average more energetic than those below that altitude. The flux of photo-
8

-2

electrons escaping to the protonosphere at dawn was found to be 2.6 x 10

1, while the escaping flux at noon was found to be 1.5 x 108 cm

2

cm'z-sec'

se9"1. The corresponding escaping energy fluxes are: 4.4 x 109 eV cm
2 ] '

sec'1 and 2.7 x ]Og eV cm < sec .



1. INTRODUCTION

To study dayglow emissions, electron and ion temperatures, preﬂawn
airQ]ow intensity and electron temperature enhancements, exospheric
neutral particle temperatures, etc. one needs to know the equilibrium
energy spectrum of the photoeléctrons (energetic electrons) that constj—
tute the energy source of these phenomena. Several theoretical studies
{Hoegy et al., 1965; Nisbet, 1968; Henry and McElroy, 1968; Dalgarno
et al., 1969; Rees et al., 1969; Banks and Nagy, 1970; Magy and Banks,
1970; Takayanagy and Itikawa, 1970; Cicerone and Bowhill, 1971a;
-Dalgarno and Lejeune, 1971) have progressively improved our knowledge
. of the energy spectrum of photoelectrons in the ionosphere; In par&}lelﬁ
experimental studies (Sﬁea et al., 1968; Yngvesson and Perkins, 1968;
Rao an& Maier, 1970; Heikkila, 1970; Evans and Gastman, 1970; Doeriﬁg
et al., 1970; Cicerone and Bowhill, 1971b; Knudsen and Sharp, 19723 |
Gé1perin et al., 1972) haveaprovided valuable data for comparison with
~ the theoretical results. | .

In-a recent review Cicerone et al. (1973) have foun& that at high
altitudes differences of about a factor gf two are found among photo?
electron fluxes calculated by different theoretical méthods. Although.
these differences can be_g]iminated within the'existfng theoretical
framework, experimental t;chniques (Doering et al., 1973; Hays and
Sharp, 1973) have improved substantially in‘reso]utioh and accuracy
to warrant more detailed theoretical calculations than hitherto under-
‘taken. In a previous paper (Mantas 1974) a détailed theoretical

formulation of the problem of photoelectron thermalization and transport
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in the ionosphere was presented. In the present paper we use that |
‘theory to calculate the steady-state pitch angle and energy distribution
of photoelectrons for two icnospheric models appropriate for conditions
prevailing over Arecibo (18.4?N, 67°W) on December 24, 1968 at dawn
(0703 hours, solar zenith angle x = 90?), and on June 26, 1968 at noon
(1225 hours, x = 0°). |

The boundary conditions for the photoelectron thermalization and.
transport equation have been discussed by Mantas (1974).: Iﬁ the

present calculations we have assumed (upper boundary condition) that there

i§ no photoelectron flux incident upon-the iohosphere,at 1000 km. At -
120 km {Tower boundary) a partially reflecting boundary, wifh a refiec-

" tion coefficient of 0.6, was assumed. It was found, however, that the
lawer boundary condition has no*ﬁignificant effect on the solution because
- at this altitude transport is 1nsign1fi§ant., The contribution of a
non-zero. downward flux at the upper boundary can be caleculated separately

and added to the present calculations.
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2. TONOSPHERIC MODELS, PHOTOELECTRON PRODUCTION RATES, AND CROSS SECTIONS

2.1 Neutral Atmospheres.

The neutral particle densities used in these calculations have been
bbtained from the Bates (1959) model atmosphere as elaborated by Stein
and Walker (1965) and Walker (1965). The neutral gas densities at 120 km
and the other parameters of the Bates model have been 6btained from a
combination of theoretical considerations and tamperature data from
Arecibo at the indicated times [R J. Cicerone, Private communication, | 1972)
The neutral atmosphere exospher1c temperature for the sunrise model is
884 Kelvin, while that of the noon model is 1114 Ke1v1n.

- 2.2 Charged Particle Densities.

The electron density profiles have been cbtained from‘Thomson scatter
observations over Arecibo at the fndicéted timesi(R; J. Ciceroﬂe,APrivate..
communication, 1972). The electron and neutral atmosphere densifies éanrr
lbe-found in Mantas {1973) . Since all ions are assumed to be singly
charged and their mass is much larger than the electron mass, all e]ectrbn_ '
fon co]Tisions.are characterized by the same collision cross section and
no distinction is made between different kinds of ions.

2.3 Primary Photoelectron Energy Spectra.

Energy spectra of thg primary photoelectron p?oducfion rates, at
‘seIected altitudes, for the sunrise model are shown in Figure 1. These
spectra have been calculated by R, $. Stolarski (privéte communicétion, 1572) i
using the EUV flux measurements of Hinteregger (1970) and the photo- |
ionization cross sections reviewed by Stolarski and Johnson (]922).

The pitch-angle distribution of the primary photoelectron production rate



is assumed to be that given by Mariani (1964);
2.4 Cross Sections
We have used the empirical formula
aA; o W55
o (E) = LS RS B A
J 2 E
J

W. w. '
(¢ (1)

proposed by Green and Dutta (1962), to represenf the excitation cross
sections. In equation (1) E is the electron enerﬁy, wj is the excitation
potential of the state j, d0'=i6.51 X ?0'14 cn® ev?, and Aj’ Ej’ij are
dimensionless parameter§ obtained bylfitfing,(1) to experimentally
- determined cross sections. For the excitation of atomic oxygen we have
used values for the parameters of (1) suggested by;R. S. étﬁlargk; (ﬁ;iﬁéﬁe
comnunication, 1972).' For molecular nitrogen, moTecdiéf-oiyééh,rgh&/ o
helium we have used the values given by Sto1ar5ki‘§§;gl:_(1962), Watson
et al. (1967), and Jusick et al. (1967), updated to more recent cross
section measurements by Jobe et al. {1967), Burns et al. (1969), McConkey
and Simpson (1969), Simpson and McConkey (1969), Stanton and St. John
- (1969), Brinkman and Trajmar (1970), Sheridanlgg_glf (1971}E McConkey

and Woolsey (1969), and Skubenich (1968). The probability densitiesl
_Pl(E',E) (see Mantas 1974) for the energy distribution of the post--
collision electrons in electron-neutral ionizing cb]iisions have been:
constructed from the differential cross sections givén by Khafe

(1969) and Dalgarno and Lejeune (1971). The total jonization cross

sections have been taken from the review paper of Kieffer and Dunn (1966).

A listing of the values of the parameters of (1) is given by Mantas {1973).



3. RESULTS AND DISCUSSION

3.1 Photoelectron Flux Pitch Angle and Energy Spectra at Dawﬁ;

~In Figures 2a through 2d, the 1ogarithm'of the photoelectron flux
(]oglo 2n 3(h,E,u)) is plotted at selected altitudes. For negative
values of the direction variable (u < 0) the electrons are ﬁoving in
the downward direction along the maghetic field T{nes, while for posi-
tive values they move in the upward direction. Note that the flux shown
in these fjgﬁres has been integrated over the azimutha?langle b3 thé
quantity 2n é(h,E,u), therefore, represents the flux over a;pitch angle
cosine interval Ay and not over a unit solid angié;.' --

Intercomparison of these figures reveals variations of the flux with

each of the independent variables. For altitudes below about 250 km -
¢(h,E,u) is fsotropic (independent of ﬁ)L- For altitudes above 250 km
more electrons are moving in the upward than in the downward direction-——-
~the anisotroby becoming increasingly larger with increasing altitude.
It is important to note that most of the flux variation occurs in the
small interval -0.25 < u < 0.25 or, in terms of the bitch ang]g’in the
region between about 75 and 105 degrees. Outside this region the
dependence of @ upon u is weaker. Above 800 km the angular dependence -
is much stronger; however,’in this region most of the vafiation is intro-
duced through the somewhat unfea]istic upper boundary condition that no
~ downward flux- is present at the 1000 km level. A]thqﬁgh at‘cerfain tihes
of the year conditions exist where no flux from the conjugate ionosphere
is present, some of the upward flux will be scattered downward at altitudes

higher than 1000 km, and thus constitute a nonzero upper boundary condition.
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An estimate of the reflection coefficient at the upper boundary wf]] be

given later,

Now we turn our attention upon the examination of the photoelectron
flux energy spectrum.' Examination of Figures 2a through 2cfreveals con-
Eiderab]e structure of &(h,E,u) with respect to the enerdy variable.

For altitudes below about 250 km the local energy variation is much

_ smoother than that above this altitude. A comparison of figure~2a

with the‘primary bhotoe1ectron spectrum at low altitudes (see Figure 1)
FEVEB1SAthat the energy spectrum of the steady-state photoelectron flux
is much smoother than the energy spectrum of the primary production rate.
The prominent peaks of the primary spectra'aré absent in the equilibrium
flux spectra. The wide maximum in the energy region between 20 and 65 eV,
in the-primary spectra, is substantially reduced. The deep and widé
minimum, in the primary spectra, in-the energy about 10 eV, has disappeared:
.comp1ete1y and the flux has a negative slope in the energy interval |
between 10 and 20 eV, while the production spectra have a farge positivé
slope in this interval. For altitudes below about 250 km (see Figure

2a) the steady state photoelectron flux spectra show an inéfeasingiy
larger slope, with‘decfeasing energy below about 40 eV (smal} Tocal
variations in the slope are neg1ebted). At about 10 eV the photoelectron
flux beéins to increase r§p1d1y with decreasing energy. This increase
is interrupted at about 5 eV, and begins again, at a muth higher rate,

for energies below about 2.5 eV.

For altitudes at about 250 km and above, the most prominent features
of the primary photoelectron spectra are also presentvin the photoelectron

fiux spectra, though less prominent in the latter case. The substantial
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structure found in the production spectra in the region‘be1ow about

20 eV is absent in the flux spectra. A careful examination of the

Figures 2b through 2c reveals many interesting variations of thé photo-

electron flux with altitude, pitch angle, and energy. In addition to

fhe prominent upward~downward anisotropy that has bsen mentioned, the
following important features should be noticed:

(a) The steep riée in the flux spectrum observed at altitudes
below 250 km at about 2 eV is absent from thé energy spectra
at about 300 km and above.

{b) For altitudes at about 450 km and above, in the energy region

below about 5 eV_the upward moving f1ux_decreases.with'decreasing
energy the decrease becom{ng larger with increésing altitude.
(c) The features present in the spectra around 25 eV, for a fixed
direction (u = constant),become*smoother with increasing
aititude above 300 km.
{d) The smoothness of the spectrum features at a fixed altitude
increases with decreasing abso]ufervalue of thé direction |
_variéb]e . ‘ o
These results can be interpreted in physical terms as follows,
At low altitudes, due to the higher concentration of.the neutral atﬁosPheric
constituents relative to the thermal electron concentration, the photo-
electron flux energy spectrum is mainly determined by ineiastic collisions.
For altitudes above about 300 km the photoelectron-thermal electron

interaction becomes increasingly important with increasing altitude.
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- The pitch angle isotropy of the electron flux spectra below about
250 km shows that electron transport at these altitudes is negligible.
On the other hand, the increasing pitch angle anisotropy with a?titude.
above 300 km shows that electron transpart increases inVimprortance as the
altitude increases. The importance of transport at high altitudes can
also be deduced from the fact that the electron flux changes little with
increasing altitude above 400 km, although the photoelectron produc-
tion rate decreases rapidly. Therefore, to interpret the charac-
teristics of the electron flux spectra and cbtain a qualitati&e evaluétioﬁ
of the validity of the solution, one must consider that most of the
electrons found at high altitudes are produced in the altitude regfon
betwean 250 and 350 km and are subsequently transported to highé%
altitudes by spiralling around the magnetic field lines. |
The energy lost by an electron in its upward motion thrqugh the
ambient electron gas is a function of the distance it traverses and ifs
initial energy. If we neglect elastic scattering by the ambient jons
the distance traversed by an electron in reaching certain altitude,
say 700.km, is inversely proportional to the cosine of {ts pitch angle.
Although elastic scattering smears the d?stance traversed bx‘the glectrons
found at the same altitude in the same pitch angle intefval, on the |
average one would expect ghat electrons with large pitch angles, say in_
a small interval around 70 degrees, would have traversed longer distances,
?n reaching the said altitude, than electrons with smaller pitch angles.
If the. electrons in both pitch angle intervals had originated from the |
same altitude and had the same initial energy, upon reaching a higﬁ

altitude the electrons with large pitch angles would have lost more of



'their initial energy than those with smaller pitch ang]es;

From these considerations one would expect that pfominent features
in the photoelectron production spectra, such as the peaks around 25 eV
‘due to tﬁe absorptioh of the He 11 lines of the solar EUY, if they
appear in the steady-state electron flux spectra should increase
in width and shift towards lower energies with increasing altitude and
pitch angle. Tﬁe broadening and shift towards lower emergies of these
features as |u| + 0 is clearly seen in Figure 2c.

1t should be also observed that at high alfitudes the slope
%E-¢[h,E,u) of the energy spectrum of the upward (1>0) electron flﬁx
component at the low energy limit (E < 5eV) is positive, while that of
the downward flux (u < 0] is negative. his behavior indicates that the
upward electron flux component loses low energy electrons at a higher
rate than it gains, while the opposite holds for the downward flux
component. Since at high altitudes photoelectrons are 1osin§4energy :
mainly to the thermal electron gas and are redistributed in pitch angle
by Coulomb collisions with the ambient jons, the interplay of these
two processes must, to a large extent, determine thé shape of the spec-
trum ét the Tow energy limit. The rate ét which a fast eleétron is
}osing energy to the thermal electron gas with distance is, approximately,
iﬁverse]y proportional td’its energ&. And the cross section for‘Cou1omb
collisions is inversely proportional to the square of-the energy. Energy
loss to the thermal e1eétron gas, therefore, constrains low energy photo-
eiectrons from reaching high altitudes and, in addition, Coulomb
collisions with ions selectively backscatter low energy electrons frdm

the upward to the downward flukucomponent. These two processes operate
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on the downward flux camponent in the same manner. However, due to the
larger number of upwara maving electrons, Coulomb cellisions give rise
to a net transfer of electrons from the upward to the downward flux
.componenf. Since the cross section for Coulomb collisions depends on
the inverse square of the energy, low energy electrons are preferentially
backscattered} ' | . The net effect of this
process is reflected in the shape of the spectra in the low region and,
as we 5ha]1 see'below, gives rise to an energy anisotropy between the
upward and dﬁwnward flux components.
3:2 Photoelectron Flux Enefgy Spectra at Dawn

Integration of 2r ¢(h.E,u) over v gives the number of electrons per
unit energy interval crossing a sphere of unit surface in all directions
per second. This quantity will be referred to as the total photoélect%on '

flux energy spectrum and will be written as &' (h,E). Thus

1
e¥(h.E) = 2r|  o(z,E.u)du= @7 (h,E) + ¢ (h,E) (2)
. I-1 . . .
where . . 0
Q-(hsE) = 2 ) q’(hssﬂ-i)du N ' i e (23)
R _'I )

~
représents the energy spectrum flux crossing the downward hemisphere,
and 1
¢ (hE) = 2n | a(b,En)du (2b)
0

represents the energy spectrum of the flux crossing the upward hemisphere.
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The total photoelectron flux energy spectrum @T(h;E) is shown in
Figure 3. It should be noted that this surface is somewhat distorted
becausé unequal altitude intervals have been plotted along the'depthl
axis as if they were equal. For example ¢' (h,E) has been evaluated at
9 altitudes in the altitude interval between 200 and 300 km, while in
the interval between 300 and 400 km it has been evaluated at 7. The
ratio of the intervals along the depth axis represehting the altitude |
intervals from 200 to 300 km and from 300 to 400 km,. is 9/7 instead of
one. This distortion does not affect the accuracy of this figure, it
sﬁou]d, however, be kept in mind when Figure 3 (and also Figufes 5, 6 i
-and 8) is examined. Figures 2a through 2c do not suffer from éhis dis-
tortion becausé,a?thcugh é(h,E,u) was evaluated at unequal pitch angle
cosine intervals, interpolation has been used to obtain values of
#{h,E,u) at eﬁuai intervals along the u (depth) axis before p]otting;

|

A careful examination of Figure 3 shows that the sharp peak df_the
spectrum at about 25 eV becomes broader and shifts towards lower energies
with increasing altitude as discussed pkevfous?y. The spectrum is-jaiso.
seen to became smoother with increasing altitude above 300 km.

To obtain a quantitative view of the up-down eﬁergy anisotropy we

eva]uate the mean energies:

100 o
() = TJE@ (h E)dE (3a)
EY (h) = 'th.I(F)'—J ;E®+(h,E)dE | | (373) '

100 )
jch(h,E)dE S : (3c).

E, (h) - :

1
9" (h)
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where: 100

' 2" (h) = chp'(h,E)dE  (4a)
oy e (8
% (h) = ]§ (h,E}dE : - {ab)
: 100 '
27{h) = j " (h,E)dE . (4c)

1
are the total number of electrons crossing a sphere of. unit surface, at

the altitude h per unit time interval, (a) in the downward d1rect1on,
(b) in the upward direction, (¢} in both directions.

The mean energies E=(h) and E¥(h) are shown in Figure 4, together
with the ratio "ET(h)/E(h) and the mean energy.fg'of thelprimary photo-
electron spectrum (source). From this figure it can be seen that for
altitudes above about 550 km the upwérd flux consiéts of more energetic
electrons than the downward flux. This is exactly what one would expect
in accordance with the arguments presented in the previous pakagraphs.
For altitudes betweén 250 and 550 km the downward flux is composed of
slightly more energetic (E= > E¥, by about 0.5 eV at most) electrons
than fhe upward flux. Be]ow_250 km . energy isotropy is seen to
prevai], as one would expect, due to the large number of do1lisions at
Tow altitudes. The energy anisotropy at.high altitudes ‘is probably
hjgher than that calculated here, since it is knowﬁ that at high energies
the elastic collision cro;s seg}ions are strongly peaked-in the forward
direction, while we have assumed isotropic scattering for elastic
collisions independent1y of the collision energy. The mean energy of
the total photoelectron flux is found by 1ntegrat1ng equat1on (3c)

The curve for EQ has not been plotted, since it follows closely the
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curve for ET.

It is interesting to compare the mean energy E; (source} of the
photoelectron production rate with E;'= E*:_ For altitudes above SSG_km
E;'is approximately independent of altitude and has a value of about 18
~eV. Below 350 km f;' rises rapid1y with decreasing altitude to.a va1qé

of about 41 eV at 170 km, while E;' decreases with altitude from a va1ue‘

of about 17 eV at 1000 km to about 7 eV at 160 km. The large difference .
of about 17 eV at 1000 km to about 7 eV at 160 km. The large difference

between E; and E; at altitudes below 300 km indicates that the high energy

rate as.répid as thé rate of produﬁtion. Above 300 km iné1astic collisions
cease to play the dominant role, and the equ%1ibrium spectrum is shifted

onty slightly toward the low energy region, since elastic callisions

~with jons absorb no energy and photoelectron-thermal electron energy trans-
fer is a slow brocess for photoelectron energies greater than few electron |

volts.

3.3 Photoelectron Flux Pitch AnQ]e and Energy Spectra at Noon.lw

In the present and following subsections we present eféctrcn flux
spectra for noontime conditions. We shall 1imit the discussion, however,
only to pointing out whaf fs new or different from the dawn model
spectra. For detafis the .interested reader should consult Mantas (1973}.

The main difference in the input parametef of the two models consists of
- higher neutral and charged particle concentrations in the noon than in the
dawn model. The F2-1ayer thickness is larger in the noon than in
dawn model, with a peak electron density of 106(cm'3) at about 400 km,

while the maximum electron density in the dawn model is about 5X105,
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Fnd the Fé-]ayer peak occurs at about 250 km. Another imporiant difF
ference is the higher primary photoelectron production rate, with a
maximum at a Tower a1titude,'in the noon than fhe-dawn mode1; The
-3

maximum primary photoelectron production rate at noon is 3.2%10° (em sec’1)

at about 150 km, while that at dawn is 1.5 X 10%(cn™

sec'1) at about 250 km.
The higher neutral and chérged particie densities, and the Tower |

altitude of the‘maximum primary photoelectron production rate in the

noon model give rise to the following differenceé between the dawn and

noon electron flux spectra:

‘a) The angular anisotropy at high a1t1tudes at noontime is smaller than
“that at dawn. |

b). The energy spectrum above 300 km at noon is smoother than the dawn
spectrum.

¢} The broadening and the shift towards jower energies of the prominent
features of the spectrum, at fixed a]titudes above 400 km, with
decreasing |u] is ]arger at noon than at dawn. The same is also
true for the broaden1ng and sh1ft1ng of these features w1th increasing
altitude for fixed values of u.

d) The amplitude of the flux above 400 km at noon is smal]ér_than that
at dawn. -

-

A better illustration of the upward-downward electron flux anisotropy

L 3

at high altitudes is obtained by integrating the flux &(h,E,u) over all

energies. The function
160

a(h,u) = 2r Jfb(h,E,u)dE (5)
1
represents the total number of electrons, irrespective of their energy, in
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Fhe pitch angle cosine interﬁa1 du about u. This function is showh in Figute 5.
It is interesting to note that the pitch angle dependence shown in this figure
ic in qualitative agreement with the single energy analytical results of
Stolarski%(1972). ‘The rapid variation of the pitch angle distribution in the 90
degree reéion at high altitudes is clearly seeﬁ. It should be also
obsérved that outside this region the upward flux compdnent is almost
isotropic.

In Figure 6 the total photoelectron flux energy spectfum (8% (h,E)]
af noon, defined by (2} is shown. Comparison of Figures 3 an& 6 shows
“that the broad maximum between 200 and 300 km - in the high energy region,
seen in the dawn model, is barely present in the noon model. Another
interesting characteristic to be noted is the very rapid transition in
the smoothness of the noon spectrum at about 300 km. In the dawn |
spéctrum {Figure 3) no such sharply defined transition altitude is found.
Further comparison of these figures shows that the broadening and shift
of the noon spectrum features, with increasihg altitudé, is lafger than

that for |

Fawn. A more clear illustration of this effect is given in

Figure 7 where the energy spectrum of fhe upward photoelectron flux at

noon is shown. The-prominent'peak at 22.5 eV at 394 km is‘éradually '
broadened and shifted to about 20 eV as the altitude increases tc 1000 km.

| The effect of energf\absotption Ly the thermal electron gas and the
Coulomb scattering by the ions can be seen in the energy dependent attenuation

of the fiux with é]titude. For example the flux amplitude in the

ehergy region around 70 eV decreases only by about a factor af 2
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as the altitude increases from 300 to 1000 km, while in the region around
5 eV it decreases by about a faétor of 20 over the same altitude interval.
In Figure 8 the mean energy of the photoelectron flux at noon, as

function of pitch angle and altitude, defined by
100

By () = S LE o(h.Eu)dE, - (6)

is shown. Below about 220 km the mean energy of the pﬁotoe]ectron flux
is independent of altitude and pitch angle and has a value of about 8 eV.
Between 220 and 400 km it is independent of pitch angle but rises fapid]y
‘with altitude to the value of 17 eV =t 400 km. Above this altitude the
mean enerqgy is a funétfon of both pitch angle and altitude, rising with

- altitude to about 18 &V at 1060 km for u > 0, while decreasing to about |
14 eV for < 0. The complicated structure of the mean energy demon- -
strates the importance of calculating the pitch angle distribution of

the flux, since otherwise this structure cannot be revealed.

3.4 Integrated Photoelectron Fluxes. _

The integrated photoelectron fluxes @'th); ®+(h), ﬁnd 8% (h) defined
by equations {4a, b, and c} are shown in Eigﬁre 9._ The upward-downward
g]ectron flﬁx anisotropy,\noted previously, is clearly seeﬁ to persiﬁt_
down to about 250 km. There atf three additional conc]usiéﬁs that can |
be drawn from thé examination of this figure.

First, the steady-state photoe1ectf0n flux attains its maximum
value at a higher a]titude than that where the photeelectron production

rate is maximum. In section 3.3 it was noted (see Mantas 1973).that
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_the photoelectron production rate for y = 90% is maximum at about 250 km.
From Figure 9 it is seen that for x = 0° the total photoelectron flux is
maximum at about 220 km, while for x = 90° is meximum at about 290 km,
Therefore, at noon the total flux attains its maximum value about ZO'km
abové the aititude where the prdduction rate is maximum: At dawn the
displacement is 40 %@ ThisidiSplacement is not due to _
transport. This can be deduced from the observat1on that the photoe?ectron
flux distribution is isotropic in pitch angle below about 250 km, which .
implies that there is no net photoelectron current below this altitude;
“and also, from thé fact that the displacement is larger in the noon than
in the dawn model, contrary to what one would eﬁpect if the displacement
were due to transport; The cause of this displacement must, therefore,
be_soughf e1sewhere. The most 1ikely cause is an altitude dependent
photoelectrdﬁ Tifetime. To derive the photoelectron Iifetime one would
have to solve the time dependent transport equation, which at the
present seems impracticaT.' An indication that the displacement is due
. to this cause .is given by the altitude dependence of the mean photo-
electron energies. From Figures 4, 8 énd 9 is seen that the photoelectron
flux maximum occurs'at exactly the same altitude as the altitude above
wh1ch the mean photoe]ectron energy increases rapidly. In Figure 4
there appear to be two such changes, the altitude of the photoe1ectron
flux maximum coincides with that of the upper change.
Second, the upward photoelectron flux above 500 km, and therefore

the escape flux, is larger at dawn than at noon. With regard to this
conclusion it should be noted that the upward flux at 1000 km at noon

is Tower than the maximum upward flux at 220 km by about a factor of 10; while
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at dawn this factor is about 5. The stronger.altitude dependénce of
“the upward flux at noon is due to the larger column number density
(neutral molecules and ions included) at noon than at dawn.

And’ third, the photoelectron flux below 250 km depends strongly
upon the solar zenith angle, while above this-altitude the dependence
on x ié weak. Therefore, while compafison betwéen-measured and caIcujated
fluxes below 250 km is difficult unless the solar zenith anglesJare the
same, above 250 km meaningful éamparisons hetween theofy and ekperiment '

can be made even for different solar zenith angles.

- 3.5 .Photoe]ectron Escape and Energy Input. into tﬁe Protonosphere;

Above 700 km the upward photoelectron Flux o is seen (Figure 9) to
change very little with aititude; This implies that very few of the elec-’
trons that réach this altitude are backscattered into the jonosphere while‘
thé majority escape to the protonosphere: To obtain an estfmate of the
backscattered fraction of photoelectrons we consider fhe rate of change
with altitude of the ratio'(¢-/®+) at the base of the protonosphere: in
. the altitude interval 800 to 900 km we find (from Figure 9, x = 90?) that
the altitude depehdent reflection coefficient is about 5 x 10"5 (km-}).
If welassume that photoelectrons are reflected at the same rate in the
- first 1000 km above the base of the protonosphere, and beyond this
;ititude they are comp]egé1y absorbed, the reflection coefficient Efb \.
at the base of the protonosphere (h_= 1000 km) is 0.05. This value of
Rb is, at best, a rough estimate; it demonstrates, however, that most
of the upward flux at high altitudes escapes to the prdténosphere. In

the examination of the differential flux spectra (Figures 2 through 2¢)
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we noticed that at high. dtitudes the backscattering probability is
much higher for low than for high energy electrons. This imp1iés that
the reflection coefficient is energy dependent. The energy dependent
reflection coefficient can be obtained from the energy spectré by
arguments similar to those used above: However;-our interest is not
to calculate the reflection coefficient but simp?y'to show that it is "
small, and procéed with the calculation of the escape fiux:
The net number of photoelectrons per electron volt crossing a.uﬁit ‘
sgrface perpendicular to the z-axis (the direction of the magnetic field),
in the direction of increasing z, per second; at the altitude h; 157.
1 L
¢, (h,E) = 2n ‘B _u-@(h,E,u)dﬂ {7)
-] '

where we have inserted the subscript n to distinguish thelnet Flux paraliel
to the magnetic field line defined by (7) from 8 (h,E) defined by (2):
Evaluation of (7) at h = 1000 km gives the energy spectruh of the

" escaping flux. A negative flux @n(h,E) at 1000 km fmp1jeslthat a net

number of electrons enter the ionosphere at the upper boundary. Integration

8 8 z

of this eQdation over E at 1000 km gives 2.6 X 10 cm’z séc‘] and 1.5 X 10° cm”

sec”! for the escaping electron fluxes at dawn and noon, reSbeCtiver;

Multiplying (7) by E and integfating over E at 1000 km we obtain 4.4 X 10°

2 sec™! for the energy input rate into the protonosphere at dawn, and

2.7 X 107 &V cm™2

eV cm
sea:"1 for the energy input rate at noon. These‘energy
input rates compare favorably with the downward conduction heat fluxes

(Evans 1967; Evans and Mantas ]968) obtained from observed electron

temnaratire nradiante at hinh al+itudee avar Milletana HiT1
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4, COMPARISON WITH EXPERIMENT

Before we compare the present calculdtions with meésured photoelectron
flux energy spectra we like to point out that the theoretical energy spectra
for ¥ = 0° shown in the following three figures have been recalculated.
This was considered necesséry in order to evaluate the effect of an efrof )
in the computer program which was found after most of the calculations had
been performed. It was found that this error affeéted'on1y the low energy .
region of the spectrum, especially in bringing out a more pronounced effect
on the spectrum due to the vibrational exc1tat1on of N2 Since it did not

‘have any substantial effect e]sewhere, nor did it affect the éonc1usions
drawn from the previous calculations, it was deemed unnecessary to repeat
all the calculations.

Before comparing the calculated spectra with ekperimental results we
would like to point out the extent to which agreement can_bé expected.r
First, the energy résolution of the experimentai results is not sufficient
to confirm or disprove the finer structure of the énergy sepctra found
in our calculations., Therefore, find structure comparison must be by-
passed until experimental data of the required degree of resolution become-
available., Second, the number of experiments is limited, being confined
to altitudes below 300 kmf where the fluxes depend strongly upon the solar
zenith angle. An exception to this is the data of Galperin et al. t1972)

which refer to altitudes above 300 km; however,

SR T



21.

the absolute value of the fluxes measured in these eﬁperiments is questionable
‘due to calibration problems. These authors have normalized their data to
the results of Doering et al. (1970);at 300 km, in the energy region
between 30-40 ev.
In Figure 10 the calculated photoelectron f?uﬁ energy spectrum at
179 km is compared with the experimental data of Doering'éﬁ;é}& (19?0)
and Knudsen and Sharp (1972) at 180 km. In the same figure we have also
jncluded the data by Galperin et al. (1972) at 250 km;. The experimental

data were given as electrons ;m—2 ev! ster—} sec ; here we

have multiplied these data by 4m to obtain total f1uxes; No error is

“introduced by this, since our calculations have shown that the fluxes are
uniformly distributed over all directions (isotropic) at this altitude.

The agreement is excellent fof energies above 5 eV. Below this energy

~ there are only two data points at 4 eV. In the caluclated spectrum the

slope changes sign at about 5 eV, ﬁhi1e in the measured spectrum no such

éhange is seen. However, a recent experiment by Hays and Sharp {1572} .
that covers the enérgy region below 5 eV c]ear1y shows the change in the

.slope between 4 and 5 eV and the presence of a minimum at about 2.5 eV.

The observed minimum is,_howéver, muchvsha11dwer than that in the calculated
spectrum, indicating either insufficient experimental reso]ution,or an

overestimated cross section for vibrational excitation of N,. It should

be noted, however, that the overestimate need not be large since only

small change in the ratio of the inelastic to the elastic cross sections
affects substantially the cajcu?ated spectrum.

In Figures 10-12 it is interesting

to note that broad features in the caleulated spectrum are also present in
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Jthe measured spectré: For ekampIe, iﬁ the energy region about 15 e¥ the
measurements of Doering gz;él: (1970) definitely show structure; this

is also true in the energy interval between 40 and 50 eV #n the data of
Knudsen and Sharp (1972). Since in both regions the calculated spectra
also show broad features, the absence of the shérp peaks between 20 and -
30 e¥ in the measured spectra indicates that the ekperimenta] resolution .
is not sufficieﬁt to resolve these peaks.

From Figure 9 it can be seen that the magnitude of the f1ux at 180 km
apd 250 km ﬁs approximately equal (for y = Of). Therefore,it is notl _
‘inappropriate to include the Cosmos 348 results at 250 km, by Galperin
et al. (1972),in this comparison. | o

From this comparison we can see that the theory is in gocd_agreemént
with experiment at the high energy region also. Between.BO and 60 eV the
agreement is gobd. Above thislenergy the calculated spectrum is Tower by
a factor of 3, or less, depending on the energy. Above about 70 eV the
calculated spectrum is changing 11tt1e‘with energy, while the measured
- spectrum continues to decrease at a different rate, hnwever; than that
observed below 70 eV. The change in the slope of the measured spectrum
rectrum reflects the change seen clearly in the calculated épectrum.
Taking into account the fgct that we have not included energies above
100 eV, it is expected that the calculated spectrum between 70 and 100
eV would be lower than the actual distribution. In this region the
ca1cu1atidns can be extended stra{ghtforward to include energies above
- 100 eV. Such an extension would require only calculation of photoelectron
production rates with energfes above 100 eV, and extension of the

collision cross sections over this energy region. Although an extension

b

!
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-that includes production above 100 eV will affect the energy spectrum
everywhere, the energy regions that are eipected to be mostly affected
are the high and Tow energy regions, the first because cascading from
‘energies above 100 eV would be nonzero, and the second, mostly through
secondary low energy electron production by 10nizatiqn:

In Figure 11 the calculated spectra are compared with the results
of Knudsen and Sharp {1972) for several altitudes below 180 km: At
altitudes above 140 km the agreement is fairly good; however, the change
in the slope at about 5 eV, found 1in our ca]CuTat{ons, does not appear
in the data. We have already pointed out reasons for this discrepéncy.
The calculated spectrum at 121 km is lower than the observed; The ‘
disagreement at this altitude is not too quge if we take into considera-
tion the-1arge solar zenith angle difference, and the fact that the cal-
culations reprsent low solar activity conditions, while the data corre§~
pond to a higher level of solar activity.

In Figure 12 we compare calculated spectra at various altitudes with
- the measurements of Doering et al. (1970). Since the large solar zenith
angle difference precludes detailed comparison, we shall compare only
the shapes of the calculated and measurea spectra. If we e£c1ude the‘_
qhange in the sign of the slope of the spectrum at about 5 eV, which as
we have noted has been oﬁgerVEd in a more recent experiment, the_égree-
ment is.good. It should be noted here that since the calculations are
very sensitive to changes in the ratio of the inelastic to the elastic
'cfoss sections, the agreement shown in this figure can be substantially

improved by small changes in the cross sections in future calculations.
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5. CONCLUSIONS

Theoretiéa1 calculations of photoelectron flui energy spectra have |
Tevealed several important characteristics of the photoelectron d1str1but10n
function, the most important of which are: |

{a) The angular distribution of the photoelectron flux is isotrbpic
at all altitudes below about 250 km. Above this altitude an upward-
downward flux anisotropy is found which increases with a]titude; Th{s
anisotropy gives rise to a larger upward flux cbmponént; and therefore
a.net photoelectron current in the upward direction. |

(b) At altitudes above 550 km the mean‘energy of the upward flux
~Component is larger than that of the downward component and changes
very slowly with altitude. The mean energy of the downward flux component
on the other hand decreases rapidly with altitude above 550 kmd In thé
region between 250 and 550 km the mean energy of the downward f1ux is
s1ightly larger than tbat of the downward component. Below this
- altitude energy, as well as angular, isotropy prevails.

(c) The total photoelectron flux &ttains its maximum value at
altitudes higher thén that where the pro&uction rate is maxiﬁum. Since
transport has been found insignificant below 250 km this disp]acemént
H;s been attributed to.aﬁ\a1titude increasing photoelectron lifetime.

The altitude where the flux is maximum coincides with the altitude above
which the mean photoelectron energy begins to rise rapidly with altitude.
Therefore, photoelectrons at altifudes higher than that where the flux

Is maximum are on the average more energetic than those below this altitude.
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{d) The total number of photoelectrons escaping to the protonosphere
;t‘dawn is larger than the number escaping at noon by about a factor of
two. The same is 21so true with regard to the energy suppTied to the

protonosphere by these electrons.
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FIGURES

Figure 1. Energy spectrum of the primary photoelectrons at selected
altitudes at dawn [x = 90#] (adapted from calculations by
Stolarski 1972, private communication).

Figures 2a - gé. Photoelectron pitch angle and energy spectra at

seTected altitudes at dawn. For negative values of u [ﬁ = cosine

{pitch angle)] the electrons are movihg in the downward direction,

while for positive values they'are moving upward. Note the pitch

angle isotropy at Tow altitudes (a;b) and upward-downward uniso~
tropy at high a1titﬁdes. Also, note the broadening and shifiting
towards lower eneréies of the spectrum features around 25 eV

with decreasing |u| at high altitudes and, also, the difference

in-the sign of slopes of the upward and downward spectra at the

low energy Timit.

Eigure 3. Photbg]ectron flux énergy spectrum aﬁ dawn. Noté the gradual
smoothening of the spectrum with increasing altitude and, a]go;
the broadening and shifting téwards lowgr energiés of the
spectrum features around 25 eV,

R

Figure 4. Mean photoelectron flux energies: F

< is the mean energy of -

the primary phq?oe]ectrons {source), top scale; E- is the mean
energy of the downward photoelectron flux, and ET that of the
upward, bqttom scale. The curve to the right represents thev
ratio E'/E-. | The meén photoelectron flux energy Eé follows
closely thé E* curve. Note that while the mean energy of the
primary photoelectrons increases with decreasing a1Fitude, the

mean energy of the steady-state photoelectron flux decreases.

—
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Figure 5. 'Pitch angle distribution of the total (integrated over all
energies) photoelectron flux. Note the large upward-downward
anisotropy Fbove 500 km:

Figure 6. Photoeiecfron flux energy spectrum at noon: Note the rapid

. transition in the smoothness of the spectrum at about 300 km,
and the broadening and‘shifting of the spectrum features with
increasing altitude {compare with Figure 3).

Figure 7. Energy spectra of the upward flux at selected altitudes at
noon. The shift and broadening of the features at 22.5 ev;

. and the energy dependent attenuation of the flux with

increasing a1titude; are clearly seen in this figure.

F%gure 8. Mean energy of the steady-state photoe1ectr0n flux at noon
as function of altitude and pitch angle cosine.

. Figure 9. Total photoelectron fluxes atrdawn-and noon. HNote the upward-
downward fiux unisotropy above about 250 km;

Figure 10. Comparison between calculated and measured photbe]ectron flux
energy spectra at 180 km.

Figure 11. Comparison between calculated and measured photoglectron flux
energy spectra at selected altitudes between 120 and 180 km:

Figure 12. Comparison between calculated and measured photoelectron

flux energy.spectra at selected altitudes between 120 and 303 km.
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